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Current-induced switching from metallic to insulating state is observed in phase-separated states
of (La1−yPry)0.7Ca0.3MnO3 (y = 0.7) and Nd0.5Ca0.5Mn1−zCrzO3 (z = 0.03) crystals. Application
of magnetic fields to this current-induced insulating state causes pronounced low-field negative
magnetoresistance effect [ρ(H)/ρ(0) = 10−3 at H = 1 kOe]. Application of a constant voltage
also causes breakdown of ohmic relation above a threshold voltage. At voltages higher than this
threshold value, oscillations in currents are observed. This oscillation is well reproduced by a simple
model of local switching of a percolative conduction path.
PACS numbers: 64.60.Ak, 64.75.+g, 71.30.+h, 75.47.Lx
In this decade, manganites with perovskite-type struc-
ture have been attracting much attention because of their
versatile physical phenomena caused by competing de-
grees of freedom of charge, spin, lattice, and orbital. Re-
cent extensive studies were first motivated by a discov-
ery of unusual decrease of resistivity by magnetic fields:
colossal magnetoresistance (CMR) effects [1, 2, 3, 4, 5, 6].
Producing the CMR effects at low fields has been a chal-
lenging issue.
The large magnetoresistance effect cannot be ex-
plained within the framework of the double-exchange
(DE) model [7, 8] alone, and needs introduction of addi-
tional mechanisms such as electron-phonon coupling me-
diated by the Jahn-Teller effect [9]. Roles of additional
mechanisms become prominent as the DE interaction is
suppressed by a reduction of the effective one-electron
bandwidth (W ). In (La,Pr)0.7Ca0.3MnO3, reduction of
W decreases transition temperature to ferromagnetic-
metal phase (TMI), and makes the CMR effect promi-
nent just above TMI [10]. Recent systematic studies on
crystals of R0.55Sr0.45MnO3 (R is a rare-earth ion) [11]
clearly showed the role of short-range correlation of
charge/orbital ordering that makes the sample insulat-
ing above TMI and hence the CMR effect drastic. Fur-
ther decrease in W results in long-range charge/orbital
ordering. Although magnetic field induced melting of the
charge/orbital ordering results in a change in resistivity
more than 10 orders of magnitude, the field needed is
higher than 10 T [12, 13, 14], which is beyond the scope
of practical applications.
Another aspect of CMR effect is proposed by a sce-
nario of phase separation (PS) into ferromagnetic metal
and antiferromagnetic (or paramagnetic) insulator [15].
Although it is controversial whether the PS is a neces-
sary condition to cause CMR effects, creation of percola-
tive conduction paths can reproduce drastic change in
resistivity [16]. In some classes of manganites, the pres-
ence of co-existing domains with different phases have
been directly observed [17, 18]. In our previous work,
we visualized percolative conduction paths in a phase-
separated (La1−yPry)0.7Ca0.3MnO3 (y = 0.7) (LPCMO-
0.7) crystal [19]. We found that percolative conduction in
LPCMO-0.7 is collapsed by application of a large amount
of current, which coincides with steep increase in resis-
tivity.
In this study, we report anomalous transport prop-
erties in the large current/voltage-applied states of
LPCMO-0.7: low-field CMR effects in large currents and
current oscillations at a constant voltage. To clarify
whether these effects are specific to LPCMO-0.7 or not,
we carried out similar transport measurements on Cr-
doped Nd0.5Ca0.5MnO3 in which occurrence of PS has
been reported [20]. The results described in this Letter
are commonly observed in both samples; therefore, we
think it is intrinsic to the PS state.
Crystals of LPCMO-0.7 and Cr-doped
Nd0.5Ca0.5MnO3 were grown by the floating-zone
method. Since we need metallic conduction in the
ground state, Cr concentration was set to 3% (Cr3%-
NCMO) so that fraction of metallic phase is larger than
the percolation threshold. Details of sample preparation
are described in our previous paper [19]. Sample dimen-
sions are 3100 µm × 350 µm × 150 µm for LPCMO-0.7
and 2500 µm× 340 µm× 70 µm for Cr3%-NCMO. Both
samples show insulator-metal transition with decreasing
temperature below TMI ∼ 130 K [insets of Figs. 1(a) and
(b)].
For transport measurements, we utilized several
current(I)/voltage(V ) sources (YOKOGAWA-7651,
KEITHLEY-2400, TAKASAGO-BPS40-15). We did not
see any instrument dependence for the results shown in
this Letter. Magneto-optical (MO) imaging is performed
through a polarizing microscope with an indicator film
mounted on the sample. Details of MO imaging are
2FIG. 1: (a) A V -I curve of LPCMO-0.7 at 30 K. (b) V -
I curves of Cr3%-NCMO at various temperatures. It takes
about 7 min to obtain one V − I curve. Insets of (a) and (b)
show temperature dependence of the resistivity of LPCMO-
0.7 and Cr3%-NCMO measured at I = 10 µA.
described in the previous paper [19]. Temperature shown
in this Letter is the value measured by a thermometer
set close to the sample.
Figure 1(a) shows a V -I curve of LPCMO-0.7 at 30 K.
V -I curves shown in this paper were obtained by the
standard four-probe method. With increasing I, volt-
age drop in the sample steeply increases by three or-
ders of magnitude at around 13 mA. Above this thresh-
old current (Iupth ), the sample shows negative differen-
tial resistance. Successive decrease in I causes a change
to the low-resistivity state again at a threshold cur-
rent (Idownth ) smaller than I
up
th . This V -I characteristic
is reproduced well, and hence, the whole curve is anti-
symmetric against the origin. As reported in our previ-
ous paper [19], this abrupt increase in resistivity coincides
with the change of conduction paths from inhomogeneous
to homogeneous.
Such anomalous V -I curves are observed also in Cr3%-
NCMO below TMI as shown in Fig. 1(b). The I
up
th is
74 mA at 23 K. Although the values of the threshold
current density are different between the two samples,
it is not clear whether this difference originates from in-
trinsic nature of these materials or not. By measuring
many other pieces of the crystals, we find out that the
value of the threshold current density depends not only
on the composition, but also on many other factors such
as the sample dimensions. Apart from the quantitative
differences, qualitative features of V -I curves are com-
mon in the two systems. Both Iupth and I
down
th decrease
monotonically as temperature increases and go to zero
at TMI.
These V -I characteristics are sensitive to magnetic
fields (H). Figure 2(a) shows the first quadrant of the V -
I curves of LPCMO-0.7 at various fields. Application of
magnetic field increases both Iupth and I
down
th . Field depen-
dence of the Ith is demonstrated in the inset of Fig. 2(a).
This diagram implies that if we apply a current larger
than Iupth and then reduce it to a certain value slightly
higher than Idownth , we can cause an insulator-metal tran-
sition by application of low magnetic field.
This low-field CMR effect is indeed observed. Fig-
ure 2(b) shows field dependence of resistivity in LPCMO-
0.7 at 77 K. In these measurements, we first apply a
current of 15 mA to cause a transition to the insulating
state, and then reduce it to various values at which we
measured magnetoresistance effect. We can see a steep
drop of resistivity of 3 orders of magnitude at fields of
several kOe. The transition field decreases as the current
for measurement decreases toward Idownth . The sharpness
of resistivity drop contrasts with the magnetoresistance
effect at low current. The dotted line in Fig. 2(b) rep-
resents the magnetoresistance for I = 10 µA (with ten
times larger horizontal scale) at 130 K where CMR effect
becomes the largest for small currents. Note that resis-
tance at zero field is almost the same in both cases. This
fact indicates that although temperature of the environ-
ment is measured as 77 K, the sample is locally heated
up to about 130 K by application of a current larger than
Iupth . At I = 10 µA, H = 30 kOe is needed to reduce re-
sistivity down to 10−3 of the value at zero field, whereas
0.95 kOe is sufficient at I = 2.74 mA. Further decrease
in current causes spontaneous transition to metallic state
without applying external field.
This low-field CMR effect is available only after the
transition caused by a current larger than Iupth . This tran-
sition is not governed by the magnitude of the current,
but by the energy applied to the sample. This is clear
in the results of temporal variation of resistivity at var-
ious currents (Fig. 3). With increasing I, less time is
needed to cause transition (tth). Let us evaluate the en-
ergy spent to cause the transition. Taking into account
thermal conductance (K) to a thermal bath with temper-
ature Tb, we can write the net energy needed to cause the
transition (Wth) as Wth =
∫ tth
0
[V I −K(T − Tb)]dt. We
can evaluate the energy of Joule heating WJ =
∫ tth
0
V Idt
from experimental data. The cooling term, however, is
3FIG. 2: (a) Magnetic field dependence of V − I curves of
LPCMO-0.7 at 30 K. Inset shows field dependence of Iupth and
Idownth . (b) Magnetic field dependence of resistivity at various
currents. To make the sample insulating at zero field, a cur-
rent of 15 mA was applied prior to each measurement. The
dotted line indicates the magnetoresistance with I = 10 µA
at 130 K. Note that the horizontal scales for the dotted line
and solid lines are different.
difficult to estimate because of the unknown temperature
dependence of K. Inset of Fig. 3 shows relation between
WJ and tth. As seen in this figure, WJ linearly increases
as tth increases. This result means that we can approx-
imate the cooling term K(T − Tb) by a constant value
pc, i.e., WJ = Wth + pctth. From the intercept and the
slope of the inset of Fig. 3, we obtain Wth = 6 mJ and
pc = 9 mW. Both the pc and the Wth tend to decrease as
the Tb increases. According to the specific heat data of
a related material [21], Wth of 6 mJ corresponds to the
energy to heat the sample volume between the voltage
terminals from 30 K to 140 K, which is higher than TMI.
Application of a constant voltage manifests different
aspects of anomalous conduction in PS states. Fig-
ure 4(a) shows an I−V curve of LPCMO-0.7 at 30 K. For
FIG. 3: Temporal variation of resistivity of LPCMO-0.7 at
30 K after application of various values of currents. Inset
shows the relation between total energy put into the sample
volume between voltage terminals (WJ) and time needed to
complete the transition (tth) (see text).
measurements at constant voltages, we used an experi-
mental configuration schematically drawn in the inset of
Fig. 4(a). The horizontal axis is the voltage applied by
the power source (Vout). The vertical axis is the current
evaluated from the voltage drop at the standard resis-
tance of 1 Ω (Vr) connected in series to the sample. In
this I-V curve, the ohmic relation at low voltage breaks
down at around 5 V. In the state above 5 V [22], conduc-
tion is still inhomogeneous. The lower inset of Fig. 4(a) is
a differential MO image at Vout = ±6 V. Inhomogeneous
distribution of bright and dark area in the MO image in-
dicates inhomogeneous current flow in the sample at this
voltage [19].
The noisy I-V profile above 5 V originates from tem-
poral variation of I at a constant voltage. Solid lines in
Fig. 4(b) show currents at Vout = 4 and 6 V as a function
of time. Data at Vout = 6 V show a periodic oscillation
of I with the frequency of about 1 Hz. One has to be
careful here because instability in the power source may
cause such an oscillation when the sample shows nega-
tive differential resisitance [23]. However, this is not the
case for the present observation. The dash-dotted line
in Fig. 4(b) represents the voltage drop at the sample
(Vs). We cannot see significant change in Vs. Thereby,
observed oscillations of I cannot be ascribed to instabil-
ity of the voltage source. The current oscillation sur-
vives more than 1 hour unless we change the experimen-
tal condition. Such current oscillations are also observed
in Cr3%-NCMO. Therefore, we think this phenomenon
is intrinsic in PS states. The frequency and amplitude
change with changing Vout, temperature, and magnetic
field. Details of the change in oscillation will be reported
in a separate paper.
In the following, let us discuss the origin of this cur-
4FIG. 4: (a) An I−V curve of LPCMO-0.7 taken at 30 K. The
experimental configuration for this measurement is schemat-
ically drawn in the upper inset. The lower inset shows a dif-
ferential MO image between Vout = +6 V and −6 V. White
broken lines are drawn to show the location of the sample
edges. (b) Time dependence of the current at Vout = 4 and
6 V (solid lines). The dash-dotted line is the measured volt-
age that is actually applied to the sample (Vs) for Vout = 6 V.
The dotted line represents the result of simulation described
in the text.
rent oscillation. Application of large current or volt-
age causes heating of the sample and closes conduction
paths. Let us consider a situation where a certain con-
duction path closes upon heating caused by an applied
voltage V [see insets of Fig. 4(b)]. We define the re-
sistance with and without the path as R1 and R2, re-
spectively (R1 < R2). If the cooling power pc satis-
fies V 2/R2 < pc < V
2/R1, the sample tends to warm
up (cool down) at R1 (R2). Let us assume the discon-
tinuous change between the two states and hysteretic
response against temperature change, i.e. annihilation
(creation) of the path takes place at T1→2 (T2→1), where
T1→2 > T2→1. Introduction of the hysteresis is consis-
tent with temperature dependence of resistivity shown
in insets of Figs. 1(a) and (b). The observed oscillation
of current at Vout = 6 V corresponds to that of R be-
tween 740 and 800 Ω at a frequency f = 0.88 Hz. Taking
the heat capacity C = 0.5 mJ/K [21], we obtain this
frequency when T1→2 − T2→1 ∼
1
2Cf
(V
2
R1
− pc) = 2.1 K
for pc =
V 2
2
( 1
R1
+ 1
R2
) = 46.8 mW at which heating and
cooling processes become symmetric [24]. The essential
point to cause periodic oscillation is discontinuity and
hysteresis of resistance, which are characteristic of first-
order transition. Since this simple model considers only
two states with R1 and R2, it cannot precisely reproduce
the observed waveform. Introducing temperature depen-
dence of resistance and spatial variation of the phase of
oscillation, we obtain a smooth variation of I as shown
by a dotted line in Fig. 4(b). Temperature dependence of
resistance mainly comes from that in the metallic paths
for a fixed conduction-path geometry. In the calculation
of Fig. 4(b), we used 1
R
dR
dT
= 0.01 K−1 deduced from the
R − T curve at H = 90 kOe, where the whole sample is
metallic.
Optimization of low-field magnetoresistance and cur-
rent oscillation is our future goal. We believe that it will
open new applications of the phase-separated states.
In conclusion, we observed anomalous trans-
port properties in phase-separated mangan-
ites of (La1−yPry)0.7Ca0.3MnO3 (y=0.7) and
Nd0.5Ca0.5Mn1−zCrzO3 (z=0.03). Application of a
large current causes a change from a metallic to an
insulating state by Joule heating. This state supported
by a large current is sensitive to magnetic fields and
produces low field negative magnetoresistance effect.
Application of a constant voltage causes oscillation
of transport currents, which can be explained using
a hysteretic and discontinuous transition between the
metallic and insulating states.
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